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I. INTRODUCTION

Extensive studies of the mechanical properties and structure of sea ice (reviewed
in Refs. 1 and 2) have found sea ice to be a complicated material and suggest that sea
ice has correspondingly complicated acoustical properties. Sea ice has a brine filled
pore structure with air inclusions. Thus, sea ice is a multi-component medium whose
propagation velocity and attenuation will depend on frequency.3:4 Temperature,
density, salinity, porosity, and pressure depend on depth into the ice sheet, suggesting
that velocities of sea ice may also depend on depth. The observed tendency of the pore
structure to be vertically aligned raises the possibility that sea ice is an anisotropic
medium, with vertical velocities larger than horizontal velocities.® The observed
alignment of the optical axis (c-axis) of ice crystals in the horizontal plane indicates that
acoustic velocities may also depend on direction in the horizontal plane. It is possible,
then, that sea ice is a complicated, depth dependent, anisotropic medium whose
velocities and attenuations change with frequency.

This report summarizes research carried out at Applied Research Laboratories,
The University of Texas at Austin (ARL:UT), under Contract NO0014-84-C-0195,
1 February 1984 - 30 September 1985. The goal of this research was to determine the
fundamental acoustical properties of sea ice. Our major accomplishment was
measuring the temperature dependence, depth dependence, and anisotropy of the
propagation velocity of ultrasonic compressional wave pulses in sea ice cores. These
measurements are described in Ref. 6, which is also contained in Appendix A.
Additional work was done to examine methods for in situ measurement of the frequency
dependence of compressional and shear wave velocity and attenuation of Arctic ice.
Appendix B lists documentation produced under this contract.

Our measurement of the acoustical properties of Arctic ice was carried out on ice
cores from the Bering Sea that were recovered by the U.S. Army Corps of Engineers
Cold Regions Research and Engineering Laboratory (CRREL) and stored at their
facilities in Hanover, New Hampshire. Since the strength tests of the ice cores would
destroy their structure, we concentrated on rapidly carrying out our measurements while
the cores were still intact. Rather than developing new instrumentation, we modified
existing equipment that had been used to measure shear and compressional velocites
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velocities at 45° to the c-axis which were both faster and slower than velocities parallel
to the c-axis. We conclude that the vertically oriented pore structure of sea ice, as well
as the alignment of the c-axes of the ice crystals, has an important role in determining
velocity anisotropy in sea ice.

Research on methods for in situ measurement of the frequency dependence of
compressional and shear wave velocity and attenuation of Arctic ice was carried out by
Dr. Ching H. Yew, Department of Aerospace Engineering and Engineering Mechanics,
The University of Texas at Austin. Dr. Yew renewed his interest in understanding
acoustic propagation in ice and examined the use of penetrators'? to measure the
properties of Arctic ice. He also carried out a preliminary test of a broadband technique
for in situ measurement of the frequency dependence of shear and compressional
velocities and attenuations. His interest in the properties of Arctic ice has continued
beyond the end of this contract. He is currently supervising a doctoral student who is
developing a porous media theory of propagation in sea ice.5

The remainder of this report is organized as follows. Section |l summarizes our
measurement of the acoustical properties of sea ice. Section Il reviews work done to
examine new methods for the in situ measurement of compressional and shear wave
properties of sea ice.

AN AN R A A A T A L A N A T U O Ty

TN ¢



K

W

Il. COMPRESSIONAL VELOCITY OF SEA ICE CORES

This section contains a brief review of our measurements of the propagation
velocity of ultrasonic compressional wave pulses in sea ice cores. A detailed
description is given in Ref. 6 and is aiso contained in Appendix A. Our data were
obtained from five sea ice cores stored at CRREL in Hanover, New Hampshire.
Measurements were made with an ultrasonic profilometer originally designed to
measure compressional velocity of marine sediment cores.!1:12 Data were taken on the
propagation in vertical and horizontal directions at three temperatures and several
depths into the ice sheet. Horizontal velocities were measured at three orientations with
respect to the c-axis. We did not examine the effacts of density, salinity, porosity, ice
structure, temperature gradients, or pressure.

A.  Background

Past measurements of the compressional velocity of sea ice provided typical
values for the velocity and its dependence on salinity, temperature, and depth.
Ultrasonic measurements made on samples from Arctic sea ice gave typical values of
compressional velocity between 2100 and 3800 m/s.13.14 Compressional velocity
decreases with increasing salinity and increases with decreasing temperature.!4 Other
ultrasonic measurements showed that compressional velocity depends on depth in ice
crystallized from salt water.1S Seismic studies'® of sea ice have also been carried out
and provided values for the average velocity for the ice layer that agree witi ultrasonic
measurements.

Acoustic anisotropy in ice is expected from the directional characteristics of ice
crystals and has been observed in laboratory studies of fresh water ice and ultrasonic
measurements on fresh water ice cores. Laboratory studies’ found that the
compressional velocity paraliel to the c-axis exceeds that perpendicular to the c-axis by
about 15% at atmospheric pressure, and that the two velocities become equal at a
pressure of about 500 atm. Ultrasonic measurements made on samples of ice from the
thick fresh water ice sheets (in which the c-axis tends to be vertically oriented) in
Antarctica and Greenland®9 also show that the compressional velocity parallel to the
c-axis (vertical) is slightly higher (1-2%) than that perpendicular to the c-axis
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of anisotropy are comparable, our data showed that the anisotropy in sea ice is
qualitatively different from that found in fresh water ice. In our data from sea ice cores,
the vertical velocity (perpendicular to the sea axis) was consistently faster than the
horizontal velocity paraliel to the c-axis. In fresh water ice, the velocity parallel to the
c-axis is faster than the perpendicular velocity.19-12 Our data agrees with recent
theoretical work® showing that the vertically oriented pore structure of sea ice can cause
the vertical velocity to exceed the horizontal velocity by as much as a factor of 2.
Apparently the large scale vertically oriented pore structure of sea ice, as well as the
alignment of the ice crystals, has an important role in determining the acoustic
anisotropy of sea ice. In agreement with data from fresh water ice, we found that
velocities parallel to the c-axis are faster than horizontal velocities perpendicular to the
c-axis. Horizontal velocities at 45° to the c-axis were found to be either faster or siower
than velocities parallel to the c-axis, depending primarily on temperature.

Additional factors (temperature gradients, pressure, salinity, etc.) that we did not
examine in this experiment need to be taken into account in determining the in situ
properties of sea ice. Drainage of brine while coring, and some melting during our
experiment, may have altered the structure of the ice cores from that found in situ.
These factors should not affect our qualitative results--that sea ice has a consistent
temperature dependence and is anisotropic. However, it is possible that the magnitude
of these phenomena may be different in situ than in our sea ice cores.




lil. METHODS FOR IN SITU MEASUREMENTS

This section describes the preliminary work done to develop a method to
measure the in situ acoustical properties of Arctic ice. The concept'? uses penetrators
to deploy a group of transducers (shown schematically in Fig.1) to generate and record
compressional, shear, surface, and plate waves. The acoustical sources to generate
these waves are located in a near-surface penetrator. Sensors for each wave are
deployed in pairs. The distance between the acoustic source and the receiver is
chosen to be consistent with the frequency range of the source and attenuation of the
waves being generated.

Figure 2 schematically depicts the wave generating penetrator. The source for
compressional waves, surface waves, and plate waves is an electrical spark (center
frequency near 80 kHz) or an exploding air bubble (center frequency near 1 kHz). The
spark or bubble is located near the lower end of the penetrator. Shear waves are
generated by an electrically actuated striker that would move the ice horizontally.

The dispersion and attenuation characteristics of the ice are obtained using a
technique'’-20 that uses Fourier transform of the time series at two receivers at ditferent
locations. The distance between the sensors and the amplitude ratio of the transforms
are used to determine the attenuation as a function of frequency. The dependence of
velocity on frequency is contained in the measured phase difference of the two
transforms. An inverse theory2?! can be used to determine the dependence of
acoustical properties on position by comparing the measured dispersion and
attenuation with theoretical predictions.

Preliminary tests of this approach were carried out using fresh water ice. The
signal source was an electrical spark in air, above the ice. The acoustic signal from the
spark traveled through a known thickness of ice and was detected with a piezoelectric
compressional wave transducer. The measured signal was recorded digitally with a
transient recorder and analyzed using a fast Fourier transform algorithm. Data were
taken for two ice blocks with different thicknesses (instead of at two locations in the
same ice block) and analyzed to obtain the attenuation and dispersion of
compressional waves from 1 to 50 kHz. The success of this preliminary test was
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encouraging. We believe that our approach could be further developed for making
in situ measurements of sea ice characteristics.
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IV. SUMMARY

From 1 February 1984 to 30 September 1985, ARL:UT carried out research
under Contract NOO014-84-C-0195 to determine the fundamental acoustical properties
of sea ice. Our major accomplishment was measuring the temperature dependence,
depth dependence, and anisotropy of the compressional velocity in sea ice cores.
These measurements show that velocity increases with decreasing temperature and
that gre.dients of compressional velocity are both positive and negative with magnitudes
between 20 and 4001 Compressional velocities were found to be anisotropic with
vertical velocit:es exceeding horizontal velocities by up to 5%, suggesting that the
vertical pore structure of sea ice, as well as ice crystal structure, has an important
nfluence on anisotropy. Additional work showed that spark sources combined with
Fourier transform analysis can be used to measure the in situ velocity and attenuation of
ice n the 1-50 kHz frequency range.
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Compressional velocity of sea ice cores

Paul J Vidmar and Jo B Lindberg!
Apphed Research Laboratones. The University of Texas at Austin
Austin, Texas 78713-8029

Received (

Laboratory measurements of the propagation velocity of ultrasonic
compressional wave puises were made at four onentations (vertical and at three
honzontal directions) on five cores from first year sea ice. Our technique
measures velocities with an accuracy of +10% and relative velocities to within
+0 9%. Data were coliected at three temperatures (-10°C, -20°C, and -23°C) and
at several positions along the cores. Measured velecities were in the range of
3800-4500 mvs. Relative velocities were used to investigate the temperature
dependence, depth dependence, and anisotropy of the compressional velocity.
The veiocity of ail five cores in all four propagation directions was up to 12%
higher at -20°C than at -10°C. Ailthough the depth dependence was not
consistently inear with depth, we made estimates of the average compressional
velocity gradient for each core. Estimated gradients were both positive and
negative and had magnitudes between 20 and 400 s'. Velocities were slightly
anisotropic (generally <5%) with vertical velocity faster than horizontal velocity,
horizontal velocity perpendicular to the c-axis of the ice crystals siower than
velocity parallel to the c-axis, and honzontal velocity at 45° to the c-axis either
taster or slower than velocity parallel to the c-axis, depending primarily on
temperature [This work was supported by the Oftice of Naval Research.]

PACS Numbers 43 85 Dy. 43.35.Cg. 43 20 Hqg
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| INTRODUCTION §
Extensive studies of the mechanical properties and structure of sea ice'-2 have :\.
found sea ice to be a complicated material and suggest that sea ice has :;
correspondingly complicated acoustical properties. Sea ice, which has a brine filled '
pore structure with air inclusions, is a multi-component medium whose propagation
velocity and attenuation could depend on frequency.34 Temperature, density, salinity, ‘
porosity, and pressure depend on depth into the ice sheet, suggesting that velocities of :
sea ice may also depend on depth. The pore structure tends to be vertically aligned, »
raising the possibility that sea ice is an anisotropic medium, with horizontal velocities b
diffenng from vertical velocities.> The alignment of the optical axis (c-axis) of ice A
crystals in the horizontal plane indicates that acoustic velocities may also depend on :::
direction in the horizontal plane. It is possible then, tha{t sea ice is a depth dependent Z\"
anisotropic medium whose velocities and attenuations change with frequency. E
Past measurements of the shear and compressional velocities of sea ice provide
both the typical values for velocities, and their dependence on salinity, temperature, ‘
and depth. Ultrasonic measurements made on samples from Arctic sea ice give typical "
compressional velocity values of between 2100 and 3800 m/s and shear velocities "
between 1100 and 1900 m/s.8:7 Compressional velocity decreases with increasing \
salnity and increases with decreasing temperature while shear velocity is not much ::
influenced by vanations in either temperature or salinity.” Other ultrasonic
measurements in ice crystallized from salt water8 show that compressional velocity :
depends on depth. Seismic studies® of sea ice have also been carried out; these have
provided values for the average velocity for the ice layer that agree with ultrasonic
measurements on ice cores :
Ice 1s expected to be acoustically amsotropic because of the directional --‘
characteristics of ice crystals. Amsotrophy has been observed in laboratory studies of j; ‘
%
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fresh water ice and ultrasonic measurements on fresh water ice cores. Laboratory
studies !0 of the effects of pressure on compressional velocities found that velocities
parallel to the c-axis exceed those perpendicular to the c-axis by about 15% at
atmospheric pressure, but that the velocities are comparable at a pressure of 500 atm.
Ultrasonic measurements made on samples of ice from the thick fresh water ice sheets
(in which the c-axis tends to be vertically oriented) in Antarctica and Greenland'!.12
alsc show that the compressional velocity parallel to the c-axis (vertical) is slightly
higher (1-2%) than that perpendicular to the c-axis (horizontal).

This paper reports laboratory measurements of the propagation velocity of
ultrasonic compressional wave pulses in sea ice cores stored at the U.S. Army Corps
of Engineers Cold Regions Research and Engineering Laboratory (CRREL) in
Hanover, New Hampshire. Measurements were made with an ultrasonic profilometer
originally designed to measure compressional velocity of marine sediment cores.13.14
Data were taken on the propagation in vertical and horizontal directions at three
temperatures and several depths into the ice sheet. Horizontal velocities were
measured at three orientations with respect to the c-axis. Our technique measures
velocities with an accuracy of £10% and relative velocities to within +0.9%. We did not
examine the effects of density, salinity, porosity, ice structure, temperature gradients, or
pressure.

Our data show that the compressional velocity of sea ice is anisotropic, has a
fairly consistent dependence on temperature, and has a highly variable dependence
on depth. Measured velocities were in the range of 3800-4500 m/s, slightly higher
than those measured in earlier work.8:7 In agreement with previous work,” we found
that the velocity at -20° was up to 12% higher than the velocity at -10°C. This
temperature dependent increase occurred for all tive cores, all three propagation
directions, and at all depths where data were taken. The depth dependence was not

consistent from core to core. The vanability of the epth dependence of velocity
21
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suggested that the structure of the sea ice cores is highly variable. Although the depth
dependence was not consistently linear with depth, we estimated gradients of
compressional velocity. These gradients were both positive and negative and had
magnitudes between 20 and 400 s™!.

Our most interesting results came from observations of anisotropy. All five cores
were anisotropic, with velocity differences generally about +3%, but with maximum
values of about +5%. These velocity differences are less than the 15% measured on
laboratory prepared fresh water ice'? but larger than the 1-2% found in ice cores from
the thick fresh water ice sheets in Antarctica and Greenland.''-'2 While the
magnitudes of anisotropy are comparable, our data showed that the anisotropy in sea
ice is qualitatively ditferent than that found in fresh water ice. In our data from sea ice
cores, the vertical velocity (perpendicular to the sea axis) was consistently faster than
the horizontal veiocity parallel to the c-axis. In fresh water ice, the velocity parallel to
the c-axis is faster than the perpendicular velocity.'0-'2 Our data agrees with recent
theoretical work> showing that the vertically oriented pore structure of sea ice can
cause the vertical velocity to exceed the horizontal velocity by as much as a factor of 2.
The most interesting feature of our data was the observation that the measured vertical
velocity is faster than velocity parallel to the c-axis (which was horizontal in the sea ice
cores). Apparently, the large scale vertically oriented pore structure of sea ice, as well
as the alignment of the ice crystals, has an important role in determining the acoustic
anisotropy of sea ice. In agreement with data from fresh water ice, we found that
velocities parallel to the c-axis are faster than hornizontal velocities perpendicular to the
! c-axis. Honzontal velocities at 45° to the c-axis were found to be either faster or slower
than velocities parallel to the ¢ axis, depending prnmanly on temperature.

Additional factors (temperature gradients, pressure. salinity, etc.) should be taken

J into account in determining the in situ properties of sea ice. In addition to these factors.

the structure of the cores may have been altered from. that in situ owing to the drainage
22
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of brine while coring and some melting during our experiment. However, these factors
‘ should not affect applying our qualitative results--that sea ice has a consistent

temperature dependence and is anisotropic--to in situ sea ice. It is possible that the

magnitudes of these phenomena may be different in situ than in sea ice cores, though.

The remainder of this paper is organized as follows. Section |l describes the
é
)

profilometer, calibration, and measurement procedures. Section lil gives the results of
our measurements. Section IV summarizes and discusses our results.
0.  INSTRUMENTATION AND PROCEDURES

To measure the compressional velocity of Arctic ice cores, we modified the
ARL :UT profilometer that had previously been used to measure the compressional and
shear velocities of marine sediments.!3.14 The profilometer measures the time interval
between a trigger pulse applied to the transmitting transducer and its arrival at the
receiving transducer. Calibration of the system removes the instrumental time delay
due to phase shifts in the cables, electronic instruments, and transducers. Dividing the
thickness of the sample by the transit time across the sample yields the velocity (group
velocity not phase velocity). Analysis of the accuracy of our instrumentation shows that
velocity can be determined to within 10%, but that relative velocities can be determined
to about 1%. The profilometer, calibration, and procedure for taking data are
discussed in more detail below.
A Protilometer

The profilometer electronics had to be only slightly modified for use with ice
samples stored at CRREL. The profilometer was originally designed’3-4 to measure
transit times of about 30 us, corresponding to a compressional wave with a velocity of
about 1600 m/s traveling across a sediment core about 5 cm in diameter. Previous
measurements8.7 of the compressional velocity of sea ice gave values of
2100-3800 m/s. These higher velocities combined with the larger diameter of ice
cores (about 10 cm in diameter) also resuited in estimates of transit time across the
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ice cores of about 30 us. Since the time intervals to be measured were expected to be
about the same for both the marine sediment cores and the ice cores, no changes in
the profilometer electronics were needed.

The profilometer measures the time interval beginning with a 1.5 us pulse
applied to the transmitting transducer and ending with the arrival of the signal at the

receiving transducer. This time is given by
T= T‘ +T i

where T is the measured time interval, T is the transit time of the signai across the
sample, ana T; is the time interval related to the measurement system electronics.

The time interval is measured as follows. The pulse to the transmitter initiates a
signal (ramp) whose volitage increases linearly with time. When the pulse arrives at
the receiving transducer, a trigger pulse is generated to stop the ramp. The final ramp
voltage is sampled and applied to a voitage controlied oscillator. The frequency of the
oscillator t is linearly proportional to the applied voltage and is accurately measured

with a frequency counter. The time interval and frequency are related by

T= af+B ,

where a is the proportionality constant between time and frequency and -f/a is the
frequency when T=0. Both a and 8 can be adjusted in the profilometer electronics.

The arrival of the pulse at the receiving transducer is determined as foliows. The
received pulse is bandpass filtered between 120 and 250 kHz. The trigger puise to
stop the ramp is gererated when the first peak of the received signal exceeds a
threshold level. The threshold is needed to avoid triggering on low level noise from tHe
pulse generating circuitry. An oscilloscope is used to monitor the received signal and

the termination of the ramp, to adjust the amplitude of the initial pulse and an
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attenuator in the receiver so that the trigger pulse occurs between the first and second
complete oscillation of the received signal. We recorded the location of the trigger

point in the received signal for each sample and took into account changes in trigger

e il Jad

Al RS Y T

point from sample to sample in determining the travel time through the sample.
We found that the profilometer produces inaccurate measurements if the
repetition rate (750 /s) of the initial pulse is too fast for the signal from one pulse to

decay before the next pulse is transmitted. The received signal, in this case, is a

b

superposition of the first arrival and other arrivals that have traveled several times
through the sample, traveled along the surface of the sample, or traveled partially as
shear waves. Under these conditions the ramp will not necessarily be ended by the
first arrival. This was not a concern for our measurements on ice cores, since the
signal on the oscilloscope verified that the absorption was high enough to completely
attenuate the acoustic signal in the 1.3 ms between pulses.

In our measurements we used immersion type compressional wave transducers
(Panametrics Corporation, V301) with flat faced, non-focused 1 in. diam PZT elements.
The transducers are watertight so that there is no moisture trapped to freeze at low
temperature and damage the PZT element. The transducers were coaxially mounted
facing each other in a brass holder, which allowed their separation to be adjusted. The
transducers were placed across the diameter of an ice core, moved into contact with
the sampie, and clamped in place. A layer of silicone based grease was used to
couple the transducers to ice cores.

B. Calbration

Calibration for measuring the compressional velocity in ice cores required a
ditfferent procedure than that developed for use with marine sediment cores.
Calibration for manne sediment cores uses core hners filled with liquids whose speed
of sound i1s known. The compressional velocity of marine sediments is close to the

sound of speed in water, and liquids such as fresh water, glycerine-water solutions,
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and saline solutions are available for calibration. The sound speed of these liquids
can be obtained from their composition and temperature. The liquid filled core liners
are substituted for the sediment filled cores and the frequericy of the voltage controlled
oscillator measured as a function of sample velocity. Since the frequency is
proportional to transit time, and transit time is proportional to the inverse of the velocity
(for samples with the same size), this procedure directly defines the linear relationship
between frequency and the inverse of the velocity. The calibration takes into account
the instrumental time delay through the offset frequency and the dependence on length
through the proportionality constant. The effects of liner material, phase shifts in the
circuitry, and the sample size are automatically included in the calibration. We note
that this procedure does not work if the liner material is changed (or absent), or if the
sample diameter is not the same as that used in the calibration. In that case, the
change in path length results in a different proportionality between the inverse of the
velocity and transit time, and hence frequency.

This procedure had several problems that made it unsuitable for calibrating the
profilometer to measure the compressional velocity of sea ice cores. First, the diameter
of the ice cores varied from core to core and needed to be taken into account for
accurate measurements of velocity. Second, using the reference liquids and doubling
the sample size to that of the ice cores would result in transit times of about 60 us, twice
the transit time expected for the compressional wave in ice. Hence, the calibration
could not be done in the transit time range of the data, but would have to be
extrapolated. Third, we did not feel confident in being able to accurately predict the
change 1n size and velocity ot the frozen liquids needed to carry out calibration at the
low temperatures at which data were collected.

Our calibration used thin rods of brass, aluminum, and polystyrene instead ot
hquid tilled core liners. The compressional velocities (see Table |) of these materials
are in the 3000-4000 m/s range expected for sea ice and they can be used at low
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temperatures. Since signals travel through thin rods at a velocity which depends on
the bulk parameters of the material and the diameter of the rod, it is possible to
generate a wide variety of travel times for use in determining a and 3, the profilometer
parameters, and T; the instrumental comporent of the time delay. The small
absorption of signals in the metal rods resulted in interfering arrivals due to multiple
reflections that interfered, as described above, with the operation of the profilometer.
During calibration, the repetition rate of the ultrasonic pulse was decreased until these
interfering signals did not interfere with the initial part of the signal.

Our calibration procedure had two parts. First, we accurately determined the
relationship between the frequency of the voltage controlled oscillator and the time
interval measured by the profilometer. This was done by using metal rods of different
lengths to generate transit times in the range that we expected to occur in our
measurements on sea ice cores. The frequency of the voltage controlled oscillator was
recorded and the time interval measured with an oscilloscope having a digital time
delay display. A regression analysis of the dependence of frequency on travel time

measured for five rods of each material found the average vaiues and uncenrtainties

ina and B to be: &« = -2.1291x 108+ 0.0143 x 10°8 s/Hz and
B=1.5397 x 10°4£0.0080 x 104 s.

The second part of the calibration was to determine the instrumental component
of the measured time interval. This was done by measuring T as a function of the
length of several metal rods made of the same material and having the same diameter.
Since the propagation velocity occurs at the rod velocity and is independent of the
length of the roa, the linear relationship between time and length can be established.
The instrumental component is t*.e time when the length of the rod is set to zero. Since
there is the possibility that acoust.c impedance could influence T, measurements were
carried out for three materials. These data yielded an average value for T,0t10.60 us

and a spread of 1.43 us.
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We also investigated the temperature dependence of the profilometer calibration '
by measuring the time interval for the aluminum rods at 20°C and -20°C. Using
" tabulated values'S for the coefficient of linear expansion and the temperature
! dependence of the adiabatic Young's modulus, we calculated that the travel time

through the aluminum rods would change by about 0.02 pus between 20°C and -20°C.

> Since this time interval is small compared to the 0.2 us resolution of the profilometer,

‘
,2 any change in the time interval measured by the protilometer would indicate a
. temperature dependence calibration. Since no change was measured, we concluded

: that the calibration of the profilometer did not change significantly over this temperature

“~
. range.

4 C. Accuracy of measurements
E To estimate the accuracy of our measurements, we carried out a numerical

3: sensitivity analysis of the equations for determining the velocity and the relative

velocity from the measured sample thickness and the frequency of the voltage

2 controlled oscillator. The velocity v is given by

o

2
N v= L/(at+B-T) , {
.’ .
.d

5 where L is the sample length, f is the frequency of the oscillator, a and 3 are the

‘ constants relating frequency to time and T, is the instrumental component of the
measured time interval. The relative velocity u is given by
: <
)

(] 1
! u= v/ Vref :
\
; where v, is @ measured velocity that is chosen as a reference. X
j? The results of the error analysis are given in Table I, The overall error in v s '
about 10° (350 mvs for sea ice), caused primarly by the uncentainties in «, 3. and T,

\ -
N The uncertainty in u is much smaller, less than 1%, since the uncertainties in «a. 3. and .
A8
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T, do not depend on the particular sample and will cancel to lowest order. The errors in
L and f do depend on the particular measurement and the effect of their uncertainty is
doubled since they could combine their effects rather than cancel. Clearly, our
instrumentation is best suited for making relative velocity measurements.
D. Procedure

For each measurement, the diameter of the cylindrical ice core was placed
between the transducer elements and silicone grease applied to couple the
transducers to the core. After the transducers were pressed against the core and
locked in place, the distance between the faces of the transducers was measured with
a vernier caliper and recorded. The frequency of the oscillator measuring the travel
time was then recorded. The received signal was viewed on a monitor oscilloscope
and the point in the received signal where the voltage ramp terminated was recorded.
The orientation of the core relative to the c-axis and the depth o the core into the ice
sheet were also recorded. On the harizontal cores, measurements of the vertical and
horizontal velocity across the diameter of the cylindrical core were made. On the
vertical ice cores, measurements were taken at 0°, 45°, and 90° with respect to the
c-axis. A total of 117 velocities were measured; 27 were vertically oriented and
30 were hornizontal velocities at each orientation relative to the c-axis. Temperature
was changed in the evening so that the cold rcom, the ice cores, and the equipment
could stabilize overmight. The profilometer worked well at low temperature, and was
kept inside the cold room for the duration of our expenment.
. RESULTS

In this section. we present the results of our measurements of the compressional
veloc:ty of five sea ice cores ontained by CRREL from first-year ice in the Bering sea.
The charactenstics of the f've sea ice cores used for our measurements are listed in

Table Ill  The cores are about *0 cm in diameter. They were cut either honzontally or

vertically trom the ice sheet. The honzontal cores were about 25-30 cm in length while
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the vertical cores were about 1 m in length. Horizontal cores were cut from a large
diameter venrtica! core. The direction of the c-axis for each core was provided by
CRREL. "Air-brine" inclusions in the ice crystals were clearly visible in the cores and
tended to be elongated in the c-axis direction. We also observed larger air-brine
pockets in the cores, particularly in core 325, between depths of 108 cm and 125 cm.
Density and salinity were not available.

The cores were stored at CRREL at -30°C to keep the brine frozen and to reduce
changes in ice structure that would result with melting at higher temperatures. Our
measurements were conducted in temperature controlled rooms, called cold rooms.
Data were taken for both horizontal and vertical propagation at depths of 1-2 m into the
ice. Measurements were made at three temperatures: first -20°, followed by -10°, and
-23°. At -10° the cores were "wet” and small amounts of brine (about 5 cc) dripped
from the cores. At -23° and -20° the cores were dry and no brine was lost.

Estimates of the effects of the loss of brine at -10°C on the compressional velocity
showed that the change in velocity directly attributable to changes in density and
salinity would not be measurable with our system. The estimates were carried out
assuming that the volume ot brine lost from a core was a good estimate of the change
in the core’'s volume. The fractional changes in salinity and density were then
assumed to be proportional to the fractional changes in volume. The fractional
changes in volume was about 0.2% for the smaller cores. Interpreted as a change in

density. this would produce an increase in velocity of about 0.1%. The effects of a

change in salinity were estimated from the reported dependence of velocity on salinity7

and an assumed sahnity of 8 parts per thousand. The decrease in salinity would
increase velocity by about 1.5 mss, an increase of 0.04%. Both of these changes in
velocity are far too small for us to measure.

Whi: 2 the loss of brine during our measurements did not have a direct influence

on our measurements, the change in core structure accompanying the loss of brine
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may have affected our measurements. As noted above, some of the ice began to
liquify when the temperature was lowered to -10°C and a small amount of brine (about
5 cc) was observed to drip from the cores. The small changes in ice structure might
have resulted in slightly different ice properties at -10°C that were retained when the
temperature was decreased for our final measurements at -23°C. It is possible that the
overall structure of the ice at -20°C could be different from the structure at -23°C. Only
one core had a depth dependence that clearly supported this hypothesis. The relative
velocities in all three horizontal directions for core 350 had a different depth
dependence was at -20°C than at -10°C ard -23°C. For the other four cores, the depth
dependence was different at each temperature. For these cores it is possible that local
changes in structure occurred, but there was not an overall change.

While we expected propagation velocities between 3000 and 3800 m/s at -10°C,”
we found that our sound puises traveled through the sea ice cores at slightly higher
velocities. The velocities we measured (listed in the Appendix) are between 3882 and
4473 m's. Table IV shows that the average of the velocities over depth ranges from a
iow ot 3950 m/s to a high of 4438 m/s. The small spread about the average indicates
the ability of our procedure to make accurate relative velocity measurements.

Table 1V also reveals the three major features we found in our measurements of
velocities of sea ice cores. First, there is a consistent dependence of velocity on
temperature. The average velocities increase by about 300 m/s (about 8%) as the
temperature decreases from -10°C to -20°C, and then decreases by about 100 m/s as
the temperature is further decreased to -23°C. Second, there is a small anisotropy with
vertical velocittes as much as 220 m/s (about 5%) larger than horizontal velocities.
Third, the small spread about the average velocities (< 2%) indicates that there is not a
strong dependence on depth over the 75 cm depth interval of the ice cores. Each of

these tfeatures will be examined in more detail below. Since the changes in velocity
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are small, our remaining discussion will center on relative velociies which we can
measure to within 1%.
A. Temperature dependence

We found that the compressional velocity increased with decreasing temperature
Data taken at -20° had a consistently higher velocity. by as much as 12°%. than data
taken at -10°C. The increase in veloCity 1s consistent with previous work’ that reported
the velocity at -11°C to -13°C to be 12% higher than the velocity at -5°C to -8°C. Our
data at -23°C have a slightly lower velocity than those at -20°. This decrease was not
expected and may not be an intnnsic feature of sea ice but, rather, may be caused by a
change of ice structure accompanying the loss of some bnne dunng data collection at
-10°C.

Figure 1 illustrates some of the dependences on temperature we found in our
data. Each curve in Fig. 1 was obtained by using the velocity at each depth measured
at -10°C as the reterence velocity n caiculating the relative veloches Changing the
reference velocity with depth should reduce the eftects of an overail depth dependence
and enhance eftfects due to temperature alone. The error bars indicate the expected
uncertainty in the relative velocity (+0 009). We note. as mentioned above, that the
loss of brine from the cores could have changed the ice structure as data were taken
Figure 1(a) shows a consistent dependence on temperature at each of the three
depths where measurements of vertical velocity were made on core 276 The spread
about the average at -23 C and -20 C is about 0 007 within the accuracy of our
measurement. Figure 1(b) has a consistent gependence at -20 ispread ot 0 002) but
a large spread of 0 C19 at -23 The spread at -23 C indicates a depth dependence
that 1s different than that at -22 and -10° Figure 1(c) s similar to Fig 1(b). but the
consistent behavior now occurs at -23 C instead of at -20 C  The spread abcout tre
average s 0 026 Figqure 1id) s a combination of dependences seen in F:gs 1(b) and

1(c) Two depths agree at each temperature and disagree at the otrers
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temperature. Again. the spread at each temperature (about 0.015) is greater than our
expected error.

The change in character of the temperature dependence seen in Fig. 1 supports
the hypothesis that the siructure of the some of the ice cores changed during our
expenment. The close clustering of data in Fig. 1(b) for the vertical velocity from all
depths at -20° suggests that core 336 maintained the same structure at both -10° and
-20°, while the spread at -23° couid be caused by a change in structure when the core
was refrozen. In contrast, Fig. 1(c) suggests a different temperature dependence for
the structure of core 350: the structure at -20°C is different than that at -10°C and
-23°C. The close clustenng of data at both -20°C and -23°C in Fig. 1(a) shows that the
structure of core 276 did not change appreciably. The temperature dependence of
other cores was too inconsistent to suggest a change in overalil structure.

B. Depth dependence

We next turn to the depth dependence of the veiocity. Table V illustrates the
vanabihity in the measured dependence of relative velocity on depth. The entnes in
Table V are the relative velocities averaged over depth for each core. Table V clearly
illustrates the overall dependence on temperature in our data. The average over all
cores and onentations has an increase in relative velocity of about 8% at -20°C and a
smalier increase of 6% at -23°. The largest increase in relative velocity occurs for
horizontal velocities at 45 to the c-axis, again suggesting that the ice cores are
anisotropic  The largest increases occurred for the H/45° velocity of core 37, the
average increase at -20 C is over 10% and the increase at -20°C at a depth of 94 cm
was 12°%. one of the largest we measured. The smallest increase (about 3%) occurred
‘or the vertical velocity of core 336 at -23 C and a depth of 142 cm.

We tfound that the depth dependence was small (at most 5%) and was not

consistent from core to core. Figure 2 gives four examples of the depth dependence

At eac 1 temperature. the velocity at the shallowest depth for each core was used as the
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reference velocity. A reference velocity was used for each temperature to reduce the

effects of the strong temperature dependence discussed above. The dashed line is a
reference curve indicating zero depth dependence. The error bars indicate the
expected uncertainty in the relative velocity (+0.009). Figure 2(a) is an exampie of
core 276 that had little depth dependence at all three temperatures. Figure 2(b)
illustrates a complicated depth dependence that changes with temperature and depth.
Figure 2(c) shows that the relative horizontal velocity at 45° to the c-axis in core 37 has
change of velocity with depth that depends on temperature. The relative velocity
increases with depth at -10°C. changes very littie at -20°C. and decreases at -23°C.
Figure 2(a) shows that the relative honzontal velocity parallel to the c-axis in core 350
has a relatively constant gradient, but the gracient depends on temperature. The
grouping of the -10° and -23° data away from the -20° data in Fig. 2(d) supports the
hypothesis (discussed above) that the stucture of core 350 changed durnng our
measurements.

Tre velocity gragients of the sea ice cores are given in Table VI To calculate the
velocity gradient. we assumed that the relative velocity was a linear tunction of depth
tor each core, and used hnear least squares fit to the data to obtain the gradient . For
the uncentainty in the gradient of the relative veloc!ty. we took the inaccuracy ot the
relative velocity (0 9%5) d:ivided by the depth intervai over which data were taken The
gragient and naccuracy of the relative velocity were then multiphied by the reference
velocity for each core 1o obtain the entries in Table VI

Three features are apparent from Table VI First. wh.le the charge in relative
veloc:!ty 1s smait, the 1arge value of veloc:ty causes the gradierts themseives tc be que
‘arqe The magnitude of t~e ~radients are between about 20 and 400 s ' Secord
Deth pasit.ve and reqative a1 i =nts OCccur 1N sea ice ccres  Third the grag.ents of e
smai'er ccres are 'arger. and rave iarger inaccuracies. than those ct the smacer cores

The smaier honzontal cores 137 276. and 336} have gradients trom 84:322 s~ arg
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uncentainties between 110-155 s'! while the longer vertical cores (325 and 350) have
gradients from 24-162 s'! and a smaller uncertainty of about 50 s"'. We feel that this
difference indicates that the higher gradients of the smailer cores reflect changes in ice
properties along the iength of the core. and not a large scale trend. If this is true, the
smaller gradients more accurately reflect the overall depth dependence of the velczity

Changes n the structure of the ice cores durnng the expernment could explain
some of the changes in velocity with temperature. For example, we tound a positive
gradient for core 350 at -20°C and a negative gradient at both -10°C and -23 C. This
change in sign 1s consistent with the possible change n structure for core 350
idiscussed above) suggested by the grouping in temperature seen in Fig. 1(c) Ifthis s
true. the depth dependence would appear to be more sensitive to the structure of sea
ice than the temperature dependence, which was fairly consistent for ail tive cores.
C. Anisotropy

The t:nal ‘eature we tound in our daia i1s a dependence of velocity on onentation,
e . a~sotrcpy Figure 3 gives the measured ratios of horzontal to vertical velocity and
the rat.0s of veiocities in the honzontal plane for ail temperatures, depths, and cores. A
reference ine tor the velocity ratio of an isotropic matenal and the +0 9% accuracy ot
the velocity ratos are also indicated. As seen in Fig 3. the measured anisotropy s
small. 5%

Figure 3:a) shows that the vertical velocity differs from the hornzontal velocity in
ce cores The vertical velocity (V) 1s generally greater than the horizontal velocity at 0
‘0 the c-axs (H-C ) tor core 276 and the honzontal veloCcity at 45 to the c-axis (H-45)
‘or core 37 but s smaller than the nonzontal velocity at 90 to the c-axis (H-90) for
core 335 \Whie H-C V and H 30 appear to be relatively independent ot V. H-45 V
c'earwy terds toward the 'sciropic imit at larger V. Since we measured higher
velocit:es primariy at iower temperatures. the dependence of amsotropy on V may

actuaily be a dependence on temperature
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Figure 3(b) gives the dependence of the measured velocity ratios in the

honzontal plane on the horizontal velocity parallel to the c-axis, H-0°. At lower values
of H-0" there is a clear difference between the ratio of H-45° to H-0° and the ratio of
H-90° to H-0"; H-45" 1s about 2% larger than H-0° while H-90° is about 2% smaller.
The difference is about the same for both cores suggesting that honzontal anisotropy is
an intrinsic feature of sea ice. At higher values of H-0°, H-45° changes trom being
taster than H-0° to being slower. At higher values of H-0°, H-45° is also about the
same as H-90°. As mentioned above, the dependence of the velocity ratios on H-0"
may actually be a dependence on temperature.

Figures 4 and 5 investigate the dependence of the anisotropy on temperature.
Figure 4 gives the ratio of vertical velocity to horizontal velocity (corresponding to
Fig. 3(a)). and Fig. 5 gives the ratios of velocities n the horizontal plane
(corresponding to Fig. 3(b)). Reference lines indicating 1sotropy and error bars giving
the uncertainty in the measured velocity ratios are also qiven. Figure 4 shows that the
measured temperature dependences of H-0°/V, H-45°V, and H-30°/V are different as
might be expected from the temperature dependence of velocities discussed earlier.
Figure 4(a) shows H-0"'V 1s almost independent of temperature in core 276 at all three
depths F:gure 4(b) shows that H-45°/V in core 37 generaily tends toward the isotropic
hmit with decreasing temperature. In core 336, H-90 1s nearly equal to V at higher
temperatures, but can be almost 6% larger and 3% smalier, depending on depth, at
-23 C. This inconsistent behavior again points out the vanability of ice properties from
core to core.

Exarination of Figs. 4(b* Fig 4(c), and Table V lends support to the hypothes:s
that the tendency for H-45 V toward the isotropic mit (Firg 3(a)) in core 37 at higher
velocities 1s actually a dependence on temperature. Table V shows that the largest

vertical velocities in core 37 were measured at -20 C and were about 7"« higher than
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values measured at -10°C. At -20°C, V decreased slightly from values at -23°C, but v

were still about 5% higher than V at -10°C. Figure 4(b) shows that H-45°/V is closest to .
1.00 (except for the single point for 94 cm at -23°C) at -20°C, where highest velocities éz
were measured. H-45°/V generally moves away from the isotropic limit at both higher -"
and lower temperatures, where lower velocities were measured. The tendency toward b
the isotropic limit at higher velocities is thus consistent with a dependence on :‘:
temperature. '\ -'
Figure 5 shows that anisotropy in the horizontal plane has a fairly consistent 3
dependence on temperature in the two cores we used. While the change in ?.E‘
H-45°/H-0° with temperature is fairly small--only slightly larger than our measurement .::i
uncertainty at most depths--there does appear to be an increase, on average, between
the ratio at -20° and that at -23°. Most of the curves from both cores have about the $ '
same shape, the same value at -10°C and -20°C, and an increase at -23°C, t",
suggesting that there might be an intrinsic dependence of H-45°/H-0° on temperature. b
The offset of the individual curves from one another and the two curves that do not ‘::
follow the general trend (74.5 cm for core 350 and 108 cm for core 325) suggests that .':'.:
the large spread in values of H-45°/H-0° in Fig. 3(b) is largely a result of the depth :
dependence of H-45°/H-0°. The average of H-45°/H-0° over all depths, given in W
Table VII, is consistent with these observations. The average is the same (0.979) for l\'
both -10°C and -20°C and increases only slightly to 0.989 at -23°C. The spread about o
the average is about the same as our measurement uncertainty. ::E
In contrast with H-45 /H-0°, Fig. 5(b) shows that H-90°/H-0° has a clear :%E
dependence on temperature. H-90 /H-0 has its minimum value at -20°C and ‘
increases at both -23°C and -10 C. This same general shape occurs for ail depths for :
both cores, suggesting that this i1s an intrinsic temperature dependence cf H-90/H-0°. E:
Figure 5(b), combined with Table V., shows that the decrease in H-90°/H-0° with T
velocity seen in Fig. 3(b) is consistent with a dependence on temperature. The highest §§
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values of H-0° were measured at -20°C, the same temperature where the lowest
values of H-90°/H-0° were found.

Four examples of the depth dependence of the anisotropy are given in Fig. 6.
The cores chosen are the same as those used for Fig. 4. H/0°/V in Fig. 6(a) is almost
independent of depth. Considering our uncertainty in the velocity ratio, the nearly
linear increase with depth in Fig. 6(a) is so gentle that the data are also consistent with
no dependence on depth. Figure 6(b) shows that H-45°/H-0° for core 325 has the
same mixed dependence on depth as H-45° in Fig. 2(b), again pointing out the
possibility that core 325 has a complicated structure. Core 37 in Fig. 6(c) has a wide
range of values for H-45°/V, from almost 1.00 to about 0.95 (some of the largest
anisotropy in our data). There is almost no depth dependence at -10°C and -20°C.
While Figs. 2(c) and 6(c) appear to have different depth dependences for core 37, they
are similar in shape if the velocity ratios in Fig. 6(c) were normalized to their values at
94 cm. As in Fig. 2(d), Fig. 6(d) has a similar depth dependence at all three
temperatures, with the -20°C data displaced from the -10°C and -23°C data. As
mentioned above, this displacement may be due to a change in the structure of
core 350 caused by loss of brine during the measurement at -10°C.
.  SUMMARY AND DISCUSSION

We measured the propagation velocity of ultrasonic compressional wave pulses
at four orientations (vertical and at three horizontal directions) in five cores frcm
first-year sea ice. Data were collected at three temperatures (-10°C, -20°C, and -23°C)
and at several several depths into the ice sheet. Measured velocities were in the
range of 3800-4500 m/s with an uncertainty of about 10%. More accurately measured
relative velocities (+0.9%) were used to examine the temperature dependence, depth
dependence, and anisotropy of compressional velocities in the sea ice cores.
Consistent with reported7 temperature gradients, the velocity at -20°C was higher (up
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to 12%) than the velocity at -10°C. This temperature dependent increase occurred for
all five cores, all three propagation directions, and at all depths where data were taken.
The depth dependence was not consistent from core to core. The variability in depth
dependence of velocity suggested that the structure of the sea ice cores is highly
variable. Although the depth dependence was not consistently linear with depth, we
made estimates of gradients of compressional velocity that fell between 20 and
400 s'1. We found that the compressional wave velocity was anisotropic in all five of
the sea ice cores. The anisotropy in our data was generally less than 5%. We found
that vertical velocities were faster than horizontal velocities, that horizontal velocities
perpendicular to the c-axis were slower than velocities parallel to the c-axis, and that
horizontal velocities at 45° to the c-axis were either faster or slower than velocities
parallel to the c-axis, depending primarily on temperature.

Our measurements of anisotropy of sea ice cores have some characteristics that
differ from measurements made on fresh water ice. The anisotropy in these sea ice
cores agrees in magnitude with data from fresh water ice crystals (velocity ratios of
about 15%)'9 and from ice cores from the thick fresh water ice sheets in Antarctica and
Greenland (velocity ratios Of 1-2%).11.12 However, our data show a qualitative
ditference in the direction of highest velocity. We found that the measured vertical
velocity (perpendicular to the c-axis in the sea ice cores) is faster than horizontal
velocity parallel to the c-axis. This differs from measurements on fresh water ice, in
which the velocity along the c-axis is found to be faster than the velocity perpendicular
to the c-axis,'0-12 but agrees with recent theoretical workS showing that the vertically
oriented pore structure of sea ice can cause vertical velocities to exceed horizontal
velocities. The different anisotropy of sea ice is also seen in the measured velocities at
45° to the c-axis, which were both faster and slower than velocities paraliel to the

c-axis.
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Additional factors need to be taken into account to determine the in situ
properties of sea ice. The effects of temperature gradients, pressure, salinity, and the
properties of sea ice near the air and water interfaces were not examined in this
experiment. Drainage of brine while coring and during our data collection at -10°C
affected the volume of air inclusions in the ice cores, the salinity of refrozen ice, and the
density of the core. Drainage may have also changed the size and connectivity of the
ventically oriented pores, and hence the porosity of the ice cores. While we do not
expect these changes to affect the qualitative aspects of our results, the magnitude of
the temperature dependence and anisotropy may be different in situ than in the sea ice
cores we used.
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APPENDIX

Compulation of vertical (V) and horizontal (H) velocities were measured for each
core at three temperatures. Velocities are in units of m/s and temperatures in °C.
Depth is the distance in cm from the top of the ice sheet. Horizontal velocities have
three orientations relative to the c-axis of the ice crystals, 0° (H/07), 45~ (H/45°), and

90° (H/90°).
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Core 276

Depth  -10°C -20°C -23°C -10°C -20°C -23°C

114 4146 4430 4393 4003 4287 4262
' 127 4135 4465 4352 4005 4343 4260
146 4108 4368 4376 4062 4306 4295
'* Core 37
h Vv H/45°
' Depth -10°C -20°C -23°C -10°C -20°C -23°C
! 94 4096 4460 4333 3882 4364 4307
' 108 4167 4437 4351 3986 4338 4206
120 4151 4395 4358 3948 4325 4225
Core 336
: Y H/90°
| Depth -10°C -20°C -23°C -10°C -20°C -23°C
. 112 4157 4497 4355 4125 4488 4443
‘ 12 4122 4450 4393 4089 4435 4273
, 142 4116 4436 4231 4173 4541 4479
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-20°C -23°C

Depth -10°C

Core 325

-10°C -20°C

74 4028
108 4042
125 3959
152 4069

4424
4374
4392
4392

-10°C -20°C

4079 4325
4074 4238
4077 4360
4098 4349

-23°C

4289
4253
4294
4361

e . e T A - T T T —— — — — — — - — Y S s At S A A S e S e e . e = e = S = = = . ————
i S e 1 T2+t 1+t + - 5

4162 4287
4171 4397
4022 4355

4386
4403
4268
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i
TABLE I Density, compressional velocity, and rod velocity of '
calibration materials. 5
Matenal Density = Compressional Rod E
Velocity Velocity by,
(g/cc) (m/s) (m/s) .
%
Aluminum, rolled 2.7 6420 5000 o2
Brass, yellow 8.6 4700 3480 ,.‘:
Polystyrene 1.06 2350 1840 "
"
’
P,
Ph¢
-'.
o
s
o
N
A
,,
_’,
" h
2}
W,
2
'.'_
DYy
]
N
h)
o
o
}
45 Q.




TABLE |l

Results of sensitivity analysis.

_‘\"-"\

Expected Percent Parcent
Parameter Error Errorinv Errorinu
a -2.1291 x 108 s/Hz 0.0143x108s/Hz 2.73 0.21
B 1.5397 x 104 s 0.0080 x 104 s 2.80 0.16
T, 106 x 106s 1.43x10€s 5.01 0.26
L 10.000 cm 50x 103 cm 0.05 0.10
f 1 (Hz2) 0.08 0.17
Total error 10.67 0.90
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TABLE . Ice core characteristics. Cores were cylindrical in
shape and approximately 10.1 cm in diameter. The
core number is the identification number in the
CRREL storage system. Depth is distance into the ice

from the air-ice interface.

core number

type

depth
(cm)

350

vertical

74.5
119.0
154.0

325

vertical

74.0
108.0
125.0
152.0

37

horizontal

94.0
108.0
120.0

276

horizontal

1140
127.0
146.0

336

327

horizontal

horizontal

1120
128.0
142.0

Cores 336 and 327 are sections of the same core.
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TABLE IV. Average vertical (V) and horizontal (H) velocities and
standard deviations at each temperature. Velocities
are in units of m/s and temperatures in °C. Horizontal A
velocities have three orientations relative to the c-axis ,
of the ice crystals, 0° (H/0°), 45° (H/45°), and 90° '
(H/90°).

Temperature Vv H/O° H/45° H/90°

-10°C 4133124 4035146 395041 4107450
-20°C 4438138 4376161 4320170 4378191 <,
-23°C 4349+49 4270156 4229135 4345180 :
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TABLE V. Depth average and standard deviations of relative vertical (V) and

honzontal (H) velocities. Velocities are relative to the velocity at

-10°C. Honzontal velocities have three orientations relative to the

c-axis of the ice crystals, 0° (H/0°), 45° (H/45°), and 90° (H/90°).
Orientation Core -10°C -20°C -23°C
\" 276 1.000 1.070+.008 1.059+.006
37 1.000 1.071+.016 1.051+.007
336 1.000 1.080+£.002 1.047+.019
Average 1.000 1.074+.010 1.052+.012
H/0° 276 1.000 1.072+.012 1.062+.004
325 1.000 1.092+.014 1.056+.016
350 1.000 1.088+0.35 1.058+0.10
Average 1.000 1.085+.021 1.058+0.12
H/45° 37 1.000 1.103+£.019 1.078+.019
325 1.000 1.099+.024 1.067+.017
350 1.000 1.077+.016 1.067+.005
Average 1.000 1.094+.022 1.071+.018
H/90° 336 1.000 1.087+.002 1.065+.018
325 1.000 1.058+.012 1.053+.008
350 1.000 1.056+.026 1.057+.004
Average 1.000 1.066+.021 1.058+.011
Overall average 1.000 1.080+.021 1.060+.015
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TABLE VI. Velocity gradients and uncertainties for three temperatures and
three orientations relative to the c-axis of the ice crystals, 0° (H/0°),
45° (H/45°), and 90° (H/90°). Gradient is in units of s™.

Orientation -10°C

-20°C

-23°C

\' 229143
-1162£116
-141£125

-254+156
-217+124
-2111£124

100+152
-44+123
-392+131

1961112
24148
-148+45

34+120
-35%53
195+48

111£119
-106+51
-127448

2681136
-72+48
-40+44

-153+153
-122+52
110+47

-3271151
-59+51
-34147

24149
157+124
-162+46

61152
166+135
94+47

94+51
89+133
-140148
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TABLE VII. Average ratio of horizontal velocities and spread about the P
average. The average is over all depths tor cores 325 and 350. .
Horizontal velocities have three orientations relative to the c-axis m
of the ice crystals, 0° (H/0°), 45° (H/45°), and 90° (H/90°).

Ratio -10°C -20°C -23°C e

':;

H-45°/H-0° 0.979+0.011 0.979+0.020 0.98910.017 A
H-90°/H-0° 1.014+0.010 0.983+0.012 1.013+0.022 5




FIGURE CAPTIONS ‘

'- 1 Dependence of relative velocity on temperature with depth below the ice :'
y surface as a parameter: (a) vertical velocity (V) for core 276; (b) V for core '
| 336; (c) horizontal velocity at 90° to the c-axis (H-90°) for core 350; and ji
, (d) horizontal velocity parallel to the c-axis (H-0°) for core 325. The error ;
: bars give the uncertainty in the measured velocity ratio. )
-
e
2 Dependence of relative velocity on depth with temperature as a '
parameter: (a) horizontal velocity at 0° to the c-axis (H-0°) for core 276; .
(b) horizontal velocity at 45° to the c-axis (H-45°) for core 325; (c) H-45° i
. for core 37; and (d) horizontal velocity parallel to the c-axis (H-0°) for :
core 350. The horizontal line at a relative velocity of 1.00 is a reference 5
' line indicating no depth dependence. The error bars give the uncertainty ”
in the measured velocity ratio. .
. 5
| 3 Measured velocity anisotropy: (a) ratio of vertical velocity (V) to horizontal :?
velocity at 0° (H-0°), 45° (H-45°), and 90° (H-90°) to the c-axis; and
\ (b) ratio of H-45° and H-90° to H-0°. The horizontal line at a relative -
velocity of 1.00 is a reference line indicating no depth dependence. The :
error bars give the uncertainty in the measured velocity ratio. !
’ 4 Dependence of measured velocity anisotropy on temperature with depth T
‘ as a parameter: (a) the ratic of vertical velocity to horizontal velocity at 0° ,'.
: to the c-axis for core 276; (b) the ratio of vertical velocity (V) to horizontal \
_ velocity at 45° to the c-axis for core 37; and (c) the ratio of vertical velocity _‘.
" to horizontal velocity at 90° to the c-axis for core 336. The horizontal line ..1
‘ at a relative velocity of 1.00 is a reference line indicating no depth N
dependence. The error bars give the uncertainty in the measured velocity .f:;
ratio. :
o
; 5 Dependence of measured velocity anisotropy in the horizontal plane on -
; temperature with depth as a parameter: (a) the ratio of velocity at 45° to &
the c-axis to the velocity parallel to the c-axis for cores 325 and 350; -
(b) the ratio of velocity perpendicular to the c-axis to the velocity parallel .E
52 f-;
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to the c-axis for cores 325 and 350. The horizontal line at a relative
velocity of 1.00 is a reference line indicating no depth dependence. The
error bars give the uncertainty in the measured velocity ratio.

6 Velocity ratio as a function of depth with temperature as a parameter:
(a) the ratio of vertical velocity (V) to the horizontal velocity parallel to the
c-axis (H-0°) for core 276; (b) the ratio of V to the horizontal velocity
perpendicular to the c-axis (H-90°) for core 325; (c) the ratio of horizontal
velocity at 45° to the c-axis (H-45°) to H-0° for core 37; and (d) the ratio of
H-90° to H-0° for core 350. The horizontal line at a velocity ratio of 1.00 is
the reference line indicating no dependence on propagation direction.
The error bars give the uncertainty in the measured velocity ratio.
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